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or REFERﬁNGE_AIES EMPLOYED IN FLIGHT MECHANICS™*

3y H. J. Rautendbersg
SUMMARY

The differert pogssidbilities of orientation of the
svstems of axes currently employed in flight mechanlcs are
complled and descrived. OFf the three possible couplings
between the wind and aircraft axes, tkhe most sultedle
coupling ieg that in which the ¥ eaxls 1s rade the prineci-
pal =2xis of rotation for onre of the two coupling anszles
(angle of attack a). Tals coupling is termed the "E
coupling .

In cornectior with thils counling, an experimental
system of axes is introduced, whose axes xg and zg are
sltuated ir the plane of symmetry of the alrplane and ro-
tate about the alrplano lateral axis y = yg. This system
of axos enables the utilization of tho coerflelents ob-
talned in the wind turnel 4n tho flizht-mochanlc esguations
by a simple transformotion, with the ald of the angle of
attack a, measured in the plane of aymmetry of the alr-
nlane.

With the introduction of a third coupling angle, the
E coupling 1s extended to the case of the alrplane on a
ground plate. A -special "system of wind axes to be used
for measurements with ground plate'" is explained.

Of three vpossible couplinigs between the aircraft axes
X, ¥ 2 or the wind axes Xg:1 Tgs Zg and the sround axes

gt Jgr Bgo the mgst suitadle coupling is obtalned 1if

the =z axis of the basic ground system and the =x axis
of elther the a’rcraft or the wind system, respectively,
are made the principal axes of rotation.

]
"Die gelenseitige Xopplung der flugmechanischer Achsen-
kreuge." Luftfahrtforschung, vol. 17, no. 4, April
20, 1940, pp. 106-122.
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I. INTRODUCTION

In the treatnert of flight mechanic problems 1t 1sg
alvays necessary to employ various systems of axes. Now,
there are different ways of introducing these axes and
particularly, tkheir orientation. Tre definitions of the
reference axes published in national and international
literature, their sense of positive directiorn, and their
mutual angle of reference are, 1n part, much at varlance;
so that in many cases it 1s imvossible to make a comparl-
son of test data without first effecting more or less tedl-
ous conversions.

Attempts kave therefore been made from time to time
to set up a stendard system of definitions azorg the vari-
ous couatrlies, for the most important systems of axes =nd
anglese of referencoe. The discussiorns regarding such stend-
ardization so far, have always been hamnered dy the reces-
slty of preparing a complete list of all referenco axos
and nmutunl reference angles, showling tholr aiventages and
disadvantages whon apvlied to flight mechanics. Such a
conpllation of the possible m~nd practical reference axos
and reference arglecs has, however, never becn availlable.,

In tho present revort, the various possidbllitics of
coupling the irdividual nxes are discussod, and their
practicability critically annlyzed. A standerd system of
reforencc axes and argles ig develoved. Compllance wita a
few fundamental recuirements mekes a lozical development
of this steandard system poesidle, which in nowlse ig 1n
contradiction with the requirements of »racticel avplica-
tions.

The Zeneral vasic laws applied in the orientation of
two spatial systems of axes are represented in a form dls-
cussed in reference 9, wnlch makes 1%t possidvle to arpl¥ -
these lawe iz a comprehensive manner to tre systems of
axes nesded in flight mechanics and their nutual coupling.

The results of the present siudy assume that the road-
er is familiar with the cited report (reference 3).

II. GENERAL ASSUHPTIONS

One of the most essentlal points in the dewelopmont
of a system of referonco axoes, 1s an appropriate definil-
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tlon of the reference or couplirg ansles. The determlina-
. tion of the posltive. eense-of Alirection of the individual
reference a2xes is. far.less important than & sulitadle dis-—
position of the coupling engles.

All coupling angles of.the flight-mechanlc axes shall
satisfy the following basic regquirements:

1. The individueal coupling ang;es must be unrelated:

This requirement is nmet when tnree Euler anglee tie
two systems of axes together. For exact definltion of these
angles, soe reference 9, wkich also contains a detalled de-
scriptlon of the model remresentation of the Euler angles
by a2 Cardan system.

2. A referenco anglo is positive waen the rotation
about the axis of the particular aaxgle follows the direc-
tlon of the vositive axis of rotatior. viowcd clockwlaoe
(rigat rotation). Br "axis of rotation" is neant the axis
cbout which the rotation ceccurs, waleck 1s reasured by the
pertirent angle.

For tho sake of clarity, we shall always %lve, apart
from the definitions, the axes of rotation of the angles,
as well as tho »nianes in which the angles erc measured.

As a seneral rule, the axes of rotation of the Zuler
angles walck orientate tho two systems of oxes K, and
K, follow tho law:

The axie of rotation of ono of the three cecupling
anglee is =n axis of tko systen Kl. the axis of rotation
of a second coupling angleo 1s an axis of system Kz, and
the axls of rotatlion of the third couplinP angle -1e tho
Junecsion line netween E, and EKg (fig. 1).

The two systems of axes are, for the presert, assumed
to be in agreement, so that the correspondirng axes are co=-
incidernt (11 with =xa, ¥y, with y,, 3z, with Zg ).

To anelyze o certain nutunl position of the two systenms,
one of the systems (the system to be orientated) is turned
from the neutra. position relative to the assumodly re-—
strained second system and termed the "directional system."
If this rotatiorn 1g effected in the positive sense abcut
the previously estadlished axes of rotation, the angles of"
reference are, by definition, poritive. .The axis of the
orlentating or directional system of axes forming the axis
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of rotation for one of the RBuler angles 1s termed the
"principal axis of rotatlon" of the orientating system,
whlle the axis of the system to be orienteted relatlve to
the orientating system, which is tihe exis of rotation for
one of the Buler angles, is called the "definitive axlis of
rotatlion" of the axes to be orientated.

It follows from the revort (reference 9) that the
coupling of one system with a second through tkhree IZuler
angles, can be effected in more than one way; for aiter
determination of one of the systems to be orlentated as
the orientating system and its nrincipal axis of rotation,
1t affords three different vossibllitles of definlng the
anfles of reference, depending upon the selection of one
of the otkher tkres axes s definitive axlis of rotation.
The angleg in all these thres cases are EBuler anglas.

The irmedlate problem 1as Lo establish the best prac-—
tical coupling betwoen the individual systems of axes.
This inciudes:

1) the courling betweon airplare and wind axes;
2) tke coupling beitween the wird and ground axes;
3) the coupling tetwoen the alrrlane and ground axes.

The mutual coupling of tae lndlividual systems of axes
is to conform to t:e followling rules:

1) The Srouni system is, in every case, the orien-
tating system; both the airplare and wind axes rotate rel-
atlve to the asgsumedly fixed zround axes:

2) 1In txe coupling tetween alrplane aad wind axes,
the latter shall constiiuvte the wind axes of the orientat-
ing systen. Tkus, the =2irplane axes rotate with respect
to the sssumedly filxed wind axes.

III. COUPLING OF AIRPLANE ARD WIND AXES

In the orientation of a sysier of airplane axes x,
¥, £ relaiive to n wind-axee system =x,, ¥a., 2g%. the

report (reference 9) cites a specific case where one of

. r
These axes are defir>d in referexnce 10.
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the three reference angles 1a elways zoero. Since at first

, only one single axis.-.the relative wind axis 'x,* -- of a

vind~axes system is phyaically given, the orientation of
the airplane #nd wind axes i3 effected by two variable an-
2lea - so~called "aerodynamlcel angles" -~ while the taird
angle necessary to a complete orientation, 1s zero. I%
has been shown (reference 9) that the Buler wngle, which
a8 axis of rotation possesses the only originally &given
axlg of the still incomplete system or orientating axes,
is zero. The initroduction of axes Fo ond 25, wlith
which the wind-axed system becomes complete, is necessary
for the predentation of the forces and roments. The gon=—
ernl lawe are now to bo applied to the case in polnt.

As orlentating-axes svstem, the wind axes of which,
however, only x, 18 ziven so far, are chosen. The sole
corpletely krown axis must de chosen as principal axis of
rotation. Of y, =ond =25, 1t is merely assumed that they
are at right anglee to each other ord o P and that
they form a rigat-hand eystem of exes with x,. Yo deflne
the vosition of yy, and z,, one of them must bec tled to
the alrcraft svstem =x, y, z br n specified order. But
then a rotatlon o7 axas x, r, z relative %o the axes
Xps Yoo 2g about the nrincipel axis of rotation x5 be-
comeg impo=slble. Eence the angle of the princlipal axis
of rotation 1s zero and the complete orientation dvetween
Xasy ¥as 25 and x, ¥y, 2 by two sngles can be achleved.
These conilitions can equally be explained by stating that
the Tiven wind axis x, 1s directed to the alrcraft axes,
for which two angles are sufficient.

When sfatinq that, by tying ore of ths axes Yo ond

2, To the alrplare axes, no rotation of the alrcraft-axes
system wlth resvect to Xg, Ygs B Aavout the x5 axis,

is poselble, it must not e confused with the obvious fact
that the total Cardan eystem - consistirg of x, y, = and
Xgs Yg»r» Zg can be arvltrarlly rotated with respect to a

system of space axes. Pauysically, thais fact implies that
the flow condiiion described by the two aserodynamic an-
gles is not changed by a rotatiom of the airplans (nor
hence of the wind axes tied to the airplane) about the
wlnd axis.

By "wind axls" 1s meant an axis in the directlion of flow
on the alrplane, assumed as parallel flow. In general,

1t may be presumed that the wind axis is practically coin-
cldent with the tangent of the svatial flight path.




6 NACA Technical Memorandum No. 958

On the Cardan model (fig. 1), the two angles which
direct the aircraft axes to the wind axes, can be descrldbed
by the rotation of the inner ring Ry about axis 4,
(Junction 1line), and by the rotation of tody X (the air-
plane in this case) about i1ts definitive exis of rotatlon
AX, Hoeredy the neutral nosltion of ring R; changos by
equal position of the airplane in spaco, dopendlng on the
choice of ona of the three pircraft axos as definitive
axls of rotatlon.

The only plano of the wind axos 3iven at start dy the
wind axlia, 1s the olano of tho cross-wlad force y, z, at
right anfles to tho wind axis. The position of the rec-
tangular plane axes ¥y, Zp 1n this plane 1s, for the

oresent, undetermined. The intersectlion of the plane
¥a %o ond nlanes xy, vz, and zx c¢f the alreraft systom

furnlishes a stralght line, walch For each of the thrse
cases defines the position of one of the two axes at right
angles to X+ These three notentisl intersections corre-

spond to three nossibllities of selecting one each of the
three aireraft axes as definltive oxis of rotation (figs.
?, 3, and 5)« The definitive axis of rotation is always
at rizht anzles to the contemporary stralght line and car-
ries the notation which is rot contaired in the notation of
this body plare at intersection of plane ¥y, 25 with one
of the three body plannes. The strepight line 1tself 1=
ldentical with the Junction line and revresented by axise
A, (fig. 2) in the Cardan model. The tkree potential

couplings are sppended in tndle I.

- TABLE I_
Inter- Axis Defini- Posltion
gsection defined tive of Cnrdan
Designation of plane bx the body ringe for
Fa Zp rtralght axls neutral
with line setting
of nxls
F couvlineg xy T z Croassed
E coupling . ax zZ, Y Crossed
Not named ye T x Parallel

Our next attompt is to analyzo nnd disprove the prac-—
tlcal uso of the third possibility for flight-mechnunic ap-
vplication, - ’
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On studylng tas neutrel setting in whiech the x axis
-.0f -the airplane -coincides” with the wind axis Xp, 1t 1is

seen that the plans y 2zZg I1ntersects only the two planes
xy end zx, while coinciding with rlane y=z.

In this instance there 1s no stralght lline between
Plane yo 25 and yi, and the position of one of the

axes Yy, and =; cannot be definitely established, hence

remelns undetermined. If the body: x axis does not co-
1ncide with the wind axls x,, thae two planes J, zg4

and yz meet. The straligkt 1line then defines the cross-
wind axis Vg The definitive body axis, whlech is always

at right angles to the siraight line, 1g Leredb the =x
axis. XNow, it is qulte possidle that, in an aralysis of
alrnlaene motlion wita respect to the: surrounding air, un-
der normal flow conditions, tane two systems of axes are

1n neutral setting tc each other where the body x axis
colncldes wita the wind axls On the Cardan system
(fig. 2), tone plcture 1s an foliows. The axes of rotation
for the two reference an3les are Ay = Fgo and the defln-

1tive Hodyr axis AX = x. Axis A of the Cardan model
repreogents ta2e wind exis X, In neutral setting the in-
nsr ring Ry 1is parellel wiith the outer ring R,;. Set-
ting an ergle c¢f autorotation dr a rotatlicn adbcut the de-
Tinitive rxis x while the angle, whlch measures a rota—
tlior about 4,;, 1s to rermain zero, this auvtorotation an-
gle (2a3le of roll) doss not at all describe the mosition
of the Jardan axis A, (vwind axis xa) relative to the
alrcrafi system, but it desecribes a rotation about the
Cardan azis 4; (wind exis xg5) with which the body =x
axls coincides. 7Viewed physically, any rotation of the
body axes adbout axis can take place without modifying
the etate of flow relat%ve to the airplane. The autoro-
tation angle car therefore by accord of wind axias x,
wlth body axisg x, assume anyr value wi#ﬁout changing the
stete of flow, In octher words, 1t is unsultable for coup-—
ling the body 2xes to the wind axes.

It is amphasizad that, for instance, 1n the cholce
of the nrincival axes of lnertia as bodv axes, the casse
cited here -~ where the =x axis colncldes with the xj

axie - can occur at practically any time under norral
flight vositions ard conditions of. flow.
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F Coupling between Alrcraft and.Wind Axes

The intersection of the plane Yyg 23 at right an-

gles to the wind axis with the plane xy c¢f the air-
pPlane, manlifests that the stralght line detween the two
planes definitely deflnes the cross-wvind oxis y, and so

ties one of the two exes at right angles to wind axis =x,
in a well-definsd manner to the alirplane axes, for ¥y,
always in the xy »lane of tae alrnlane axes, With the
thue~gliven position of x, and ¥y, the third, or 1ift
axis %,, 1s also ascertained. It is always situated in
the plane 2z xz. The sonce of directlon of the positive

wind axes shail be deflinod conformadbly to the nrguments ad-
vanced in roferecnce 9, which arc as follows: The x, axls
ovposite to the stream direction of the rclativo wind, is
poeltlve. Tho positive ¥o ~xls, viewed oppoalto to the

rolatlve wind, points in normal flleht to the right; the
positive 2, axis, undor the samo conditlions, downward.

For this particular coupling of body axes and wind
exes, termed the "F coupling' =nd characterized by theo
definltion of the cross-vind axis as a trroce botwoen the
Planos xy and ¥y, 25, the 2z axls ropresonts tho defim-

1tivo axls of rotatlion of tao alrcraft axzes,.

Tho two coupling anglcs of tho F coupling dbetweern alr-
craft a2nd wind systom arc explelinecd in ) )

TARLE II
. Test
Angle Symbol | Definition | plene Axis of rotation
of angle of of zsngle
- angle
. xy planb
Angle aZainst xg4 Junction lline, 1i.0.,
of ap or Z2g X ¥, axls
attaeck z agalnst . & e o
Za
x agalnst
Adngle 2,X, DPlane Definitive body axls,
:iw BF or iy i.ca, 2 axis .
. ¥ akalnst

Ja
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The trace between the planes- yg %g &and xy 1s no
-longer defined at oy '='90°," 'bécause both planes then co-
incide. In this case the position of y5 and =g Dbecomes
undetermined. . . '

The F coupling is 1llustrated on the Cardan model,
figure 3.

The two aerodynamic angles op and fp can also be
verw clearly defined with the veloclty component wg, Vys Vg

of the alrplane in the direction of the body axeas and the
resultant flight speed Vxg The following relatlions are

appllcadble:

sin op = VL (I)
vz,
JVE ¥ v E
- x v
cos ap = x, (11)
tan ap = ————— B (111)
a a
VA PR
- vy Ty
sin Pp = vy cOS op ' ¢Iv)
Ve - .
cos By = ———= (V)
Ve COB8 Op
v
x

The tie-up between the direction cosines and the ref-
erence angles ap and Pp that orlentate the body axes
to the wind axes, 1s traced with the ald of figure 4.

The applicatlion of the coaiﬁe 1aw'yielhs:
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From triangle x x, P: 1. cos (x x,) = cos ap cos Py
2. cos (x ya) = sln By

From triangle x s, P: 3. cos (x z,) = —sln oy cos Py

Fror triengle y x, P: 4. cos (7 x,) = -cos ay sin By
5. cos (y yg) = cos Bp

From triengle y z, P: 6. cos (y zg) = sin ap sin By
7. cos (z x;) = seln ap

From triargle z y, P: 6. cos (z ya) = 0
9. cos (= za) = cos O

Tke transfer fror aircra’t sxes to wind axés, based on
the F coupling, 1s egkown in

TABLE III
‘(,i;;' Wind A x es
t x +co8 ap cos By +sin By -g8in op cos By
ot ——
H g y -cos ay sin By T +cos By +8in ap sin By
o
L% !
< 2 +eln ap 0 cos Gy

| —

—

(Refor to fig. 4)

It i¢ agaln pointed out that the axes y, aud zg4

are difrereatly defined for sach of the two couplings F
and E, end therefore do not o3ree; wnen in an analysis
of a ccritain flow attitude, for example, first taec F
coupllns, and then the E coupling 1s used as dbasis. The

wlnd axis X, 18 unafifected by the choice of coupling.

Honce, ir comparative studies of E and F coupnlings,
axes Yy, and gz, rust also carry the subscripts E and

¥, =as vwell as the eserodynamic angles o and B (fizg. 4,
tadle III),
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E Coupling between Alircraft Axes and Wind Axes

- -

" Thé intersectlion of the cross—wind plane Yo %a With
the =2zx vlane of the body axes, defines an axls at right
angles to the bodyv exls, which is alwnys in the plane of
symmetry 2zx of the alrplane. Since the 1ift is record-
ed alonzy this axls, 1t is colled 1ift axis. With the po-
sltlon of the wind axis and of the 1l1f%t axls, the posi-
tlon of the cross—-wind axis nt. right angles tc the other
two, 1s 1teelf defined. The positive direction of the
nxle is as stated on vpaze 8.

Fl

This coupiing bobtween body axes and wlind axes 1is
termed the "E coupling.® The definitive axlis of rotation
is the y axls., The two reference angles hetween body
axes and wind axes are explained in

TABLE IV
Mest
Angle Symbol Definition | nlene Axis of rotation
of angle of of angle
engle
X aZalinst
A:ile o X,¥q Dlare Lefiritive body axils,
- E ZzZXx K]
attaclk oT = 1.0., ¥ axis
aZalnst Zg
Angle zx plane
of against x4 Junction lline, 1l.e.,
yaw BE or ¥ x& ya Za axls
against Yo '

which

The trace vetween plane ¥, z5 &and plane zx,
defines the 1ift axis, is no longer defined at By = 90°,
thus leaving the vosition of yo nnd =z, in this case un~
determined.

Flaure 5 skhows the Oarinn model for the.E coupling.

The two aerodynamic angles ap and Py carn azaln
be deflned with the help of the veloclity components vx,
Vg Vg of the nirplane and the resultant flight speed
Vx, " The following formulas are applicadle:
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The tie-up tetwmen the direction cosines and coupling
ig now deduced from fizurs 6:

angles og and BE

The followireg relations recult:

From triangle x Xgq

Prom triangls

From trianzle
From trianzle
From trianzle

The transfer From body
E coupling, is indicated in

P:

X Yo P:

¥y sg

X

Z X
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cos
cos3
« COBS
« COS

19 IR S B VIR B

6. cos
7. cos
8. cosa
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(x
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(¥
(v
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4 KW
o O
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Y
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N
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L]
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table

cos cos

sin cos
~-gin
~gin

cos

FE P

sin
sin

§ 88

cos

axes, based

Pr
g

on the
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TABLE V
Bﬁ*,7 "Wind Axos
5
s g x +cos ap cos By cos ag sin Py ~8in ap
E o | ¥ "=~gin Bgp +cos By ' 0
O o
ﬁ.g Z +s8in ay cos Py +sin ag sin By +cos ap

A comparison with table III chows that tabdle V 1s ob-
trined by reflection of the separate expressions on the
deshed diagornal of tavle IiI. Tae prefixes of “he re-
flected expressions are reverced.

The Experimental System of Axes

The E coupling between body ares ard wird axee leads
to a further system of axes whose significance 1e fully
provel later on.

Since angle Cp iz tha B coupling has the 7 axis of

the tody srstem as exis o? rota%tion, and is tkerefore meas-
ured in the plane of symme*ry of ithe alrplane, the axes
Eg1 ¥ Zg can ho defired as follows:

Y

1, ©The trace of the intersection of tho plare of
symmotry with the plane Xn yaE gives an axls =xg = OP
(fig. 6). This axis Xy is thereforo always in the plane
of symmetry sgx of the alrplane (fig, 7).

2) Since Xg 1lleés in the plano of symmetry -~ that

ig, at right angles to tho body latarzl nxis y =- the body
laternl axls 1s a further axls of this system of axes;
honce, y4 =y. . .

3) The third axis =,, which must be at right an-
€les to x4 nnd y,; therefore-lios also in the plane of
symnotry of the airplane. The position of =z, 1s like—

wise definod by tho trace passing throuzh the plane of sym-—

metry and tho crogs-wind plane T z“E' Since, in addl-
i

tion, this trace dofinos the 1ift axls zaE itoelf, we



14 NACA Technical Momorandum No. 958

have 324 = %5_. The X, yo %y axes are called "experi-

mental axes" because of thelr genersl use for presentation
of wind-tunnel data. Axes Xy and 2z, form a system of

axes bound to the plane of symmetry, which can rotate about
¥ 1n the plane of symmetry.

Axis "z, can also be explained as follows: First,
Xg roesults when the bodr axis x inclined at angle ayp
relative to plane x, Yag 1s visuallzed as belnsg turned
back tarouzn the very angle @y in the plans of sycmetry.

This backward rotation ktas the 7 axis of the bodr system
a3 axls of rotation. Secondly, tie x; axis results from

visualizing the wind axis X, 1nciilned throuch angle BE
relative to zx a3 telrg turned vack throuch ths same an-
gle By 1n tke x, Yam plane. Thisg backward rotation

nas the 1ift axis g, &8 axls of rotation.

Of the three axes of the experimental s;rstem, one re-
fers to the body axes (y, = r)., one to the wind axes

(zy = zaE). defined by the T coupling, and tke third, to
the trace vetween a plare of the vody axes (zx) and a
plone of the wind axes (x, y,). In additioa, the axis

of the  experimental system reisted to the wind axes

(2o = zaF). is at tke same time a trace beitween a plano
(zx) and a plane (yaT zaE), and the axls of the experimen-

tal belonging to the body nxos (y, = y) is at the sanme

time the trace between a plane of body axes (yz) and a
Plane of the wind axes (x, yaE).

[0}

Becgsuse of %the described connections, the experimental
axes system cen be looked upon as a type of body and of
wind srstem. In fact, 1t represents to a certaln extent,

a combirnation of both systems and 1s an excellent bridge
between the body axes xyz and the wind axes X, yaE zaE.

defined by the E coupling, which affords a simple way of
brideging the two systems, The excellent vosltion of the
Plane of symmetry of the airplane and tke body ¥y axls at
right angles to 1t, 1s readily apparent. With ths E coup-
ling the plane of symmetry is the natural medlator between
the body-axes and the wind-axes syctems.

Particular importance is attached to the expsrimental



NACA Toechnical Memorandum No. 958 15

azes 1iIn wind-tunnel teste. It has already veen polnted
__out (reference 9) that "wind axis" and "tunnel axis® are
merely two different torms for one and the same concept,

herce xax.; Xxp. With.the conventional suspenslon systems

in tunnels, the settlng of an angle of yaw 1s achlieved by
turning the model about the vertical axies at right angles
to the flow axls -~ which 18 at the sams time, the 1lift
axlis. The total bslance system turns with 1t about this
vertical axis. The moment reference axes in the great
malJorlity of German wind tunnels therefore are -

For the yawlng moment: the vertical 1ift axls
“ax = Pag’

For the rolling moment: an axls in the horizontal
drag, lateral force nlane xa.I FaK' rotated avout

angle of raw BE with reaspect to xaK. This axls

1s 2lso defined as the trace between the bplgne of
synmetry of the modsl ani the drag, cross-—~force
plane.

For the longitudinal mnitching moment: an axls in the
korizontal drag, crose-force piane xaK FuK turnsd

tkrough angle nof yaw EE wlth rospect to yéx,

and identlcal with the ¥ axles of the model.

It 18 readily seon thet these momert reference axes are
in alreement with the axes Xg» Jg» Zg ©0Ff tlLe experlnmental
system and therefore forms an excellent bridge vetween

wind-itunnel measuremerts and applications ir fligsht mechan-
lcs.

It 1s egain pointed out -that the experimental system
possesses this significance only in combination with the X
coupling between airnlane axes and wind axes, where one af

the two aerodynamic angles, ramely, the angle of attck an

as axis of rotation, has the ¥y axls at right angles to
tke plane of synmetry -~ hence, is measured in the plano of
syrmetry.

In conclusion, it is noted tkat the axes xg, Far %o
agreo with those termed "wind axes" in U.S. and British
literature. )

The cornection between the direction cosines and angle
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agp whlch directs the body axes x, % ¢ to the experimen-
tal axes x4, Yg» Zgs 18 easlly seen in figure 7.

The transfer from airplane axes to experimental axes,
ootalnable from table 7, when putting Bp = O, has the
form indicated in

TABLE VI
Experimental A;ig
o To. Je %qg.
g x cos oy ) -8in ag
Sy 0 1 0
z sin ayp 0 cos agm

The connections betwssn the direction cosines and an-
£le PBp orientatirng the wind axes to tke experimental

axes, ere seen at a2 glarce ir filzure ll. The transfer
teble from wird axes to experimental axes, which sre also
obtainndle from tavle V, after putting ag = O, Las the
form 3iven irn |

TABLE VII

g Wind Axoes

x h g z

a -2 ] a-E
q =}
"g Xg cos By | sin By 0
u -gin c 0
3. Je 8 BE osg ﬁE
E! Zg 0 0] . 1

The Practicatility of the E ard T Couplings vetween
Aircraft Axes and Wind Axas in tke Solutior of
Flight-Mechanlc Provolems

An attempt is nagde to ascertaln the superiorlity of
one or the other coupling methods,

In any appraisal of the advantazes and disadvantages



NACA Technical Memorandum No. 958 17

of these couplinz methods, representation of the aerodw-
namlc prircinies of e -theoretical -and recordable nature
employed in the treatment of flight-mechanlc problems in
8tabllity and motlon equations, must form the starting
point. S0 from fale point of view, it should prove ex-
tremely advantagoous 1f the same coupling of angles be-
tween alrcraft and wind axes can be ussd as basig. Whethw~
er this accord can be achieved without inviting disadvan-
tages of another kind, forms a part of the study.

We proceed from the wind-tunnel test, from which a
large share of the aerodynamic datae is obtained. In the
tunrel tke model is directed to the flow by the angles
ag and Pgp of the E coupling. That the E coupling is
the natural coupling between axes solidly connected wlth
the model and the flow :n wind-tunnel tests, is easlly
understood. ZEeferonce 9 also volnts out that in the study
of & wing model in the wind tunnel, a definite body axlis =
in this case a model-fixed, lonsgitudinsl axis x and cor-
sequently, a definite normal axis 2 - 18 not given,
whereas an axls at rigiht gnglee to the plane of symmetry
of the pertinent alrfoll partis is alwarys defirltely known.
This axis is body ¥y axis (lateral axis). For this rea-
son, the y axls - the only I'nown axls of a system of
. body axes from the start -~ becomss the definitive axis of
rotation. The choice of ¥ &axis as definitive axis of
rotation indicates, however, (ses tadble I), the use of the
angleas of the E coupling %o direct the body axes to the
flow in the tunnel, ZFrom it follows the conventional ap-
Plication of the wind-turnel balances of horizontal wind
tunnels, where one veriical axlis at right angles to the
stream axis, is the axis of rotation for the angle of yaw
8g and so, for tae moment reference axes Xgs+ ¥Yge The

wind axes X s yaE. zaE.defined by the E counling, are
therefore iderntlcal with the tuanel axes Xag* ?aK’ Zag*

With this application of the B coupling, it is very simple
to transfer momert coefficients referred to e axes, to
ary body axes by means of angle of attack dpe ¥ Dbeing

equal to Jos» mBakes a converslon for the 1ongitudina1 MO
ment ¥,, superfluous.. The tunnel rolling moment I,.
.and the tuanel yawlng moment N, are, conformable to table
VI, transferred to body axes in the following manner:

Leirplane = Lg cos ag ~ Ng sin agp (1)

Nairplane = ¥e cos “E-+ Le sin aE (I1)
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Here Lairplane and Nairplane denote moments re-

ferred to any selected body -~ x axis or z axls, respec-
tively. The angle of atteck ap is defined as angle de-

tween the chosen =x axis, to which Lairplane is also re-
ferred, end tre dreg, cross-wind plene :aK yax.

If the body reference axis for aw 1s other than the

body moment referernce axis =x, the transfer is easy, as
ap 1s measured in the plane of symmetry. To illustrate:

The an€le of attack @z, 1a defined as the angle be-
tween zero 1lift axis Xg s and the draz, cross-—-wind plane
Xag Tag- The moments Lg, g, Ng are dlstributed over a
system of body axes x, ¥, z, whogse x axis le glven Dby
the llne interseciing the »nlane of symmetry and nlene of
the wing chord (chord axis), the wing Yeing assunmed with
gero twlst,

The an&le of attack ap between tke body monent ref-
erence axls x (chord axis) and the drag, cross-force
plane IaK yaK is bullt up of angle an and the coanstant

angle ag between the zero 1ift axils and the chord axlis x.
Hence,

GE=G.E°+Q/1:
Consequently,

Lairplans = Le €OS (qEO + o) - Ny sin (amo + o) (III)

| = N_. cos (GEO + qk) + Lg sin (GEO + “k) (1v)

alrplane e

Tha transfer from one syctem of body axes x;, ¥, . 2, %o
another, x5, ¥g, %2g., 38 readlly achleved with the E coup-—-

ling, sinco a rotation of the body axos in the plane of
synmetry produces a change in am . ~walch morely consists:

of the addi%ion of the constant angle o to thc angle gy,
referred to x,. Here «yp 1s the an3le between x5 and xy
or between 35 ancé z;, respectively. These connections
ere oxplainod in continuation of the above example:

The components Py, Py, P, of a directed quartity P
(moment, angular velocity, etc.) are first referred to a
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systeﬁ of body axes x,, yl, "%y's ‘Now 1f they ars to be re-

"ferred to anotler system! ¥g» Tar = “the followling .con-

a"
verelons apply:

Pxg = Px, cos'qk - Pg, sin oy (v)
Psa = sz.cos oy + PIL sln o, (YI)
-Pya = Pyl . (viI)

or, since

Cx = 9B, < %E,

an = le cog (mEa-azi) - le sin (“Ea*aE;) (vIII)
Py, = Py, cos (aEa-GEL) + Py ein (Gga-agl) o (1x)
Pya = P},1 : (x)

For fllght-mechanlc apvlications, tais simple trans-
fer from one oystem of body axes to another, has =z sub-
stantlal advantacge.

The prodblem Involved is as foilows: The forces and
morients of an airfoil or of = com»nlete airplane model, are
recorded by wind-tunnel teasts. The recorded coefficients
are then to be introduced in the motion and atability equa-
tions. Thile the coefficlients in the tuunel tests referred
to any one srstem of axes deermed stitable in practical ap-
Plication, the moment eguations are usually refsrred to
the princlpal axes of inertia of ihe airplane., To refer
these coefflclents to principal. axes of inertia in tunnel
tests, is usually unsuccessful for the reason that in o
tunnel study the actual position of the principal axes of
lnertia of the subsequent full-scale design of the airplane,
18 not known at all.

The problem therefore consists in transferring the co-
efficlonts Jrom ore system ~ say, e axes - to another
system of body axes. ILikewlise, a change in the position .
of the principal axes of inertia of the same airnlane, for
instance, b¥ subsequent structural changes, may make 1t
necessary to transfer the coerfficlents or arncular velocl-
tles referred to prinecipel axes of inertia x,, ¥y, %, %o

another system x,, y, 25, whose x,, 25 axes are rotat- -
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ed through'angle @, 1in the plane of symmetry with rospect
to x;, B;.

This shows that the use of the coefficients from wind-
tunrel tests in flight-mechanic equations 1s particularly
simple with tho ald of the anglos of the E coupling; hence,
from this poilnt of view the choice of the E coupling in
tho rathematical treatment of flight-mechenic probloms, 1s
advantazoous. Another advantage accrues from theo fact that,
bPecause of tho simple trarsfor from orne systom c¢f body axes
to another, no previous body axes x, z Are necessary.
Tais latter advantage became marticularly apnarent in a
generalized representation of tke lateral stavlility theory
where, 1f the equations are written so that the deriva-
tives of moments L and ¥ are referred to e axes, the
representation can be largely formulated indeperdent of
the slze of the angle of cttack. It merely involvos, ther,
a simple transformation of the derivativos of e axes to
body axes; tho transfer from axes x4, %29 to the prinel-
pal- axes of inertia x, z 1s extremely simple with the-
ald of angle ap Dbetween x,° and x. 3By effecting this

transformation, the size of o is, of course, unrestrict~

ed, This is a substantlal advanta<ge, especially when for-
nulating the lateral stablility equation, where it becomes
evident that the effectuated omissiors in novise deperd
upon the size of the angle of attack.

The F coupling betwesn body and wind axes offers far
less advantages. The aangles by walch a model, and hence
i1ts related axes, =x, ¥, 3., 18 directed with respect to
the tunnel axes, are the argles ap and 5E of the &
coupling. If, in the numerical troatmont of flight-
neckanic equations the angles ap and PBp of the ¥ coup—~
1ing are erployed, the trarefer of the tunnel data to
flight-mechanic applicatlons requiros a conversion of the
quantlties recorded in tho tunrel which, as will be shown,
1s quite complicated.

Pron the oquations (I) to (XII), the following equa-
tions betwoen the arglos of the F and I couplings can
be dorived:

sia ap = sin ag cos Py (x1) -
sin Bg = sin Bp cos ap (X11)
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tan Bp = H (xXIII)
tan ap = tan oy (XIV)

cos Py

Fron (XI) and (XIV) or equations (V) and (VIII), follows:
cos ap cos B = cos ap cos By (XV)
In addition, 1t requires a tadle for traneferring di-
rectod quantities from the wird axes Xg s VaE' Zom doefined

by tho B coupling, to the wind axes x,, Tap+ Zap defined

br the F couplinsg.

The tadble is obtained by the following method: Vis-
ualize figures 4 and 6 plotited tozether, while bearing in
mird thet the four axes qu, qu. zuE, zaF are situnted

in the eare plane, narely, the cross—-wind plane at risght
~rngles to x,. Ir this instnrnce, the following relatiomns

hold:

Yoy = Top COS 8§ + Zap sin & (1)
Zag = Snp OO 8§ - Tap sin 8 (2)
8 denotes tke nngle between Zan and Zop and Tog and
YaF. respectively.
Since the plane zaﬁ z“? is ot right angles to

Plang £ Xg 1n which ay 1is measured, 1t follows for
cos &8:

cos G-E

cos CZT

and, slince planes xy and- 5 yaE reet ot ancle ap., it

cos 8 =

follows from trianzle y yar yaE:

gin 8 = gin ap sin PBp
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Thue the complete tranafer fron X yaF. ’aF to x4,
Ya=s EZg,, bhas the forn Ziven ir
FH du
TABLE VIII
Tind Azxes (F Coupling)
b'd z
: a8 yar N a’F
HElxy 1 0 0
@ .
g' v co8s Om
el 5] ex 0 —— gin ap sin By
A gy cos Qg
-l
= 3 cos Op
o 0 ~cin ag sir By ——
cos op
Fron (XI) to (XV) furthor, fcllow:
cos agp cos Py
cos am = 2 (xv1)
¢/1 =~ cos” ap s8in” ap
gin sin Bn
sin ag sin Bgp = °r - (XVII)
4/1 - cos® ap 8in® by
cos op co8 o-
cos rp = = °z (XVIII)
1 - sin? ap cos® P
sin op sin By (X1%)

cin ag sin Bp

J’l ~ ein® ag ‘coc? By

Through these formules table VIII can equally well be
written with the angles of. the E coupling or those of the

F couplineg,

_ Now the following case is analyszed: The coefficients
Cxg: Cygr Cz, recorded in the wind tunnel are, as usual,

referred to e axes.

The squations are to be computed
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with the angles of the I coupling of and By and with

"principal'1herttalazes.mymhe-recorddd wlind-tunnel coeffi-
clents nuet therefore be transferred to principal inertia
axee X, ¥, Z.

Based upon the angles o and Bg. the conversion-
formulas for the coefflicients cy, Cys Og referred to the
prinecipal inertia axes, read as follows:

Gy = Cp cO8 ag = Of sin ap . (xx)
cw.. = cye - - (x.XI )
e, = cza cos ap + cxe sin Op (xX11)

Then with ap and By from equations (XVI) and (XVII)
instead of agp, the three conversion formulas read:

ooz cos ay cos Bp —o sin ap (XXa)
* "Xe ) g~ %e 3 3
V’l-cos ap sin By v/i-cos ap sin- By
cv=cy . . . - . - . . . - - . . - - . . . . . . . . (HIa)
¢ e
cos 0o cos P 1
cy f 3 St F _____  (XXIla)

=C +ec
Zo Xe
V 1-cos® oy sin® By J 1~cos?® ay sin® By

It 18 readily anvaren: that the use of the ¥ coupling
entalls a lot of paper work; and the superiorityr of the B
coupling with respect to simpliclity of conversion when
transferring from one system of body axes Xy, ¥y1» 27 to

another x_,, ¥,5, 25, 18 also plain.’ Clearly, such a

transfer is much more readily accomplished with the E
coupling, since a rotation of axes x, 2z in the plane of
symmetry of the airplane, modifies only one of tke two an-
€les (ag); while with the F coupling, both ay and By
are changed. Thig is due to the fact that in the case of
the E coupling, tke plane fixed to the body, as used for
defining the asrodynamic angles, is the plane of symmetry
£x, which does rot change position by a rotation of the
axes 2,x ©but chenges if the F coupiing is resorted to.
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The transfer of directed quantitles from one system
of body axes tp another by the F-coupling method, there-
fore, 1s-accompanied by the avpeararce of both ay and
BF in the conversion formulas which are, in consequence,
quite complicated and difficult to present.

For the derivatioan of these reductior forrulas, tae
corresponding equatlions for the X coupling, anplicable waen
trarsferring from x;, z; to x5, %5, &are repeated:

X3 = x; cos <an-a31) ~ g, sin (an-aEl) (XXII1I)
2z = 3; cos {ag_-oy ) + x; sin (aga-mﬂl) (XXIV)
or
x, = x, (cos ag, cos am, + sin ag_ gin GEI)
- z; (sin ag_ cos oy =~ cos ag  ein ay,) (XXIITa)
2g = 2, (cos ag, cos ay + sln oy  sin ag )
+ x, (sin og, cos ay  — cos ag_  sln GEI) (XXIV=a)

1

The transgfer fronm g, 0 OF, to op, “Fa; is

achieved by means of formulas (XVI) and (XVII). it gives

-c08 oF, cOS EF1

cos ag, = " (XVIa)
N[i - cosa “F; sin2 BF1
sin. @
sin ap - = 71 - (XVIIa)
y/l ~ cosa mFl gin? BFl

Corresvonding formulas for aEa cen be written.

The gxpressions f?r sin agl, cos aEz' eln GEB, cos aEa
(equations (XXIII) and (XXIV)) written in, 3ive:
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coe mrlwgga “T cos Brl'cos BFa+sin GT1 gin aTa

Xg=X, e : -

J (1 - cos® ap, ain” BFx) (1--c.=osa a?? sin® BFBJ

cos “T cos BF sin aTa- gin aTl con “Ta cos o

(XXV)

J[ii-cos sih? hrl) (1- cos® ap,  sin ﬁFa)

cos GF1 cos aTa cos BFI cos BFa+ sin a?l gin aﬁb

fi

Zg=%, =
./(l--cosB oy sin8 BFI) (1--cosa oy, sin® BFa)

cos ap cos BF sin ap ~sin oy, cos ap cos By

(XXVI)

3

v/(l-cos m?1 sin B?l) (1 - cos? Oy sin® ﬂFB)

According to these fcrm:ulas, the use of the E coup-—
lirg affords subastentlal advanteges by enadiirg a con-
venient transfer from one srstem of body axes to another,
with the eld of a single angle measured in tae plare of
syometry.

Hopf's (referencs 2) claim o~ superiorlity of the F
coupling over the E coupling is, that the resultant air
losd - based upon the F coupling - is largely denendent
upon the angle of attack onliy, and is not changed by smell
angleas of yaw. Citing a circular plate &s example, he
states that ir a rotation of the disk about the axils,
erected ln the disk center at right angles to the disk sur-
face, the position of the disk in regard to the flow and
hence on the flow conditions, remains tke same. This ob-—-
Jection to the E coupling is row investigated from the
roint of view of practiecal epplication,

Since on an airplane it does not entall a rotational-
1y symmetrical body, as on the cited circular disk, i1t may
be exvected that the independence of the resultant aerody-
namic forco — that 1s, principally of the 1ift from an an—
g€le of yaw Bp - really exists only within a very reatrict-

ed range of BF' Naeturally, there always will be én axls
(optimum mxis) for a certain airfoil in the angle-of-attack
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range of normal, unstalled flight walech has the property
that. In a rotation of the wing about thig axls the 1ift
coefficient ¢, has & minimum of deperdeace upor thie ro-
tation. Complete independence of 1lift unor angle of yaw
in unsymmetrical flow is not preseni, even in a small
range of 5}. as lorng as the Cg values are no lonfer
small - this, ever if the cited optimom axis 1a choser as
axls of rotation for Ep. TFor ar untwisted wing of the

usual contours, this optimum axis 1s ir approximete aziree-—
rent with the axls a2t rizkt angles to the mnlane of the
chord whick passes through the cenisr of gravity.

It will be shown on three examples from thtingen
wind-tunnel teste, to what extont the 1ift depends on the
angle of yaw 1f one or the other angle coupling - 1ls used
as basls.

The first reecsuremen: wes made or the comvletse nmodel
of a hlgh-wing landpiane. The Cg s cq, c, racorded at

different a 1 relation to the angie of raw, are used.
The arglo cf yaw was variszd from 0° to 45°.

The second neasuremcent was made or tho complete mcdel
of a high~wing flylng poat in the same war os or ths lgnd-
planc nodel;. tae cnzle of yaw varied from 0° to 15°,

The third —easuremen® was nade in the same way on the
rodel of a low-wing landplane. The angles used in the 30%t-
tingen nmeasurements to orientate the model with res»ect to
the {flow, are ag and PBz. The reccrded 1ift coefficient

is Cap-

Tbhe vreasfer from c,, to cg., was effected by trans-
- £y

formatlon of angles ag and Pz describing a certain state

of flow into ap and By with the aelp of formulas (XI)

to (XV). Then ¢, 48 computed from cg_, and Cqp bY

means of tabla YIII., By this cormplete trarnsformation of
the angles and forces, the pertirent flow condition can
then be described py the angles ¢f the F rcoupling and re-
lated wind axes x4, yaF. zaF definod by tke F counling.

In tris marner o clear picture mer bo gained of the
extent of demoendence oxistirg in a number of flow condi-
tions, betwesn Cap = f(QE) end C,. = f(BF). But cven

f) H

then, no direct comparison c¢f the curves caE = f(SE) and
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_cap = £f(Bp) can de effectod. While ag "1s constant dur-
ing the measurecient 'end By <varies, 1t follows from the

converaslon that BF' as well as ap is variable, so that
a G;F = f(BF) obtalned from the conversion wust, because

of tho varladle ap, be corrected. Cap becomes smaller,

not only as a result of the rising angle of yaw bubt also
owing to the decrease in angle ap, caused by the conver-

slon. The correction for caF was made with the ald of
the curve ca_E = f(ag) for. Pg = O since, in the case of
symmetrleal flow - i1.e., absence of angle of yaw =- caE =
Can®

Figure 8 shows the curve Cap = f(Bg) for e high~
wing landplane ns recorded in the wind tunnel, ard the
corrected caF = f(BF). The body reforonce axis for oag

l1g the chord axils.
The curves discloase the following:

l. Complete independence of e, from BF does not
r

exigt, even 1n the rogion of small angles of yaw.

2, The curves ¢, = f(By) and Cap = f(Bp) are not

materially éifferent in the range of small an-
mles of yaw. At 11.5° angle of attack and 20°
angle of yaw, caJg has dropped to 88.2 percent

ap to
91.5 nercent of the value recorded at F = 0.

of the value recorded et B = 0, and ¢

3 While cam

angles of yaw, the absolute drop of both cém

drops much more than caF- ot hlgher

end cgy 1s substantial. Accordingly, the

choice of Cap ¥ Pp > 20° presents no mate-

rial advantasge over Cag.
. -l

It should also be rememtered that the tody referonce
axls of oap was the chord axis. Henrnce, & cohversion to
the angles of the F coupling zives an angle fyp which has
& body normal axis perpendicular to the nlane of the chord
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as axls of rotation. EHerewlth the measurements are re-
ferred to the previously quoted approximate optirum axis,
and the presented dovendance car = f(BF) approxlimately

represents the most favorable caso.

Figures 9 and 10 show reasuremsnts on model high-wing
seanlanes and low—wing landplanes, taken at dlfferent an-
gles of attack. The curves of ¢, = f(Bg) eand Cap =

f(By) are fundamentally similar for the mcst dissimilar
types. The relation of 1ift to angle of yaw within O to

20” angle of yaw is similar in order of meagnitude. One
genoralizgpotion at least is roadily apparent, nanely, that
even wilth the P coupling as choice, & complete independ-
ence of 1ift from angle of yaw does not exist even at

small anZles of vaw, up to about 20° if no small c, velue
is present. Ian this case, however, Cay ie practically as
little variable as Cap in the range of small P, and

then the F coupling presents no apprecladvie superiority
over the E coupling.

In thie connection, the only case encountered in prac-
tice where large B occurs nseds mextioning, narelr, the
case of the seaplene afloat on weter and subject to any
angle of yaw.

In this range of larze B, two objections may De
ralsed agalnst tke use of the E coupling:

1. The position of 1ift axils Zay 18 D0 longer def-
initely defined at By = 90°;

2. The 1ift caE

becores, in fact, altogether indevmendent at Py = 90°, Ybe~
causge in this case tke axls of rotation of angle am (y

axis) coincidee with the wind axis. Anent tHiese two ob-—
Jections, the following should be noted:

is markedly affected dy By and

1. The positior of 1i1f%t axis Zay becomes undeter-—
mined only when By actually amounts to exactly 90°. At
the least departure from i1t, Zap 1s definlitely fixed.
Zag is wholly independert of the magnitude of the angle
of yaw in accord with £g ~ 1.0., with the axis of rota-

tion of angle QE. vhose position 1s practically always
dofined,
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* Moreover, with the T toupling for axls Yap: the.
conditions are entirely ‘similat when - op =-90%; .and .ap.=
90° 1g attainable in a.flat spin. So from this polnt of

view, the F coupling is nowlse more provitious than the E
coupling,

2. According to fizuree 8, 9, and 10, a passable in-
dependence of car. as of an from the apgle of yaw

preveils only at very small angles of yaw. Hence, in the
range of high angles of ynw, the depoendence of the 1lift
upon the angle of vaw must be experimentally ascertained
for the iifferent wvalues of anglo of attack, no matter
wiat coupling is chosen between the body and the wind axesn.

Eowever, theo two objections cited agalinst the E coup-
ling at largse angles of yFaw can be iznored from the very
bezinring for a much desper reason; for the larsge anfles
of yaw are practically confined to seaplanes floating on
tho woter. And 1n this caseo, stadilitr prodblems of the
seaplane ns floating body are usually involved rather than
o purely flizht-mechanlc application. Thon thoe seaplane
i1s, in fact, orientated in a plane which in tho practical
applicatior, '1s glvon by the surface of the water, ir the
wind-tunnel test by o ground plate. This implles, however,
that . the body axes in thls instance must be orientated with
respect to a second complete system of axes, two axes of
which are sltuated in the plane of the water surface or
ground plate, respectively, while the third axis 1s at
right angles:-to the other two. This orientation requirses,
as descrlbed 1n reference 9, taree Euler anglos which zen-
erally are other than zero, whereas in the case of orlen-
tation of the bodv axes relative to & system of wind axes -
of whlch, for the time being, the position of only one
axis (wind axis) is £iven - one of the three Euler angles,
through a certain arbvitrary tioc of wind axis yz, or zg4
to the body axis, is zero. This speclal case of orienta-
tion by two anzles only is utterly inapplicadle to the
conplete orientation of an airplane reldtive.to a ground
Plate. For by the orlentatlon of one svstem.of axes with
respect to another by means of three Euler angles, it is
impossidble to .prescribe beforehand a certain tile of an
axis of the orientating system to a plane of the axes sys=-
tem to be orientated -~ as achieved in the case-of coupliins
betwaen body axes and wind axes,

The orientation of a seaplane afloat on tne water re-
quires the useé of an angle that enables, at B = 90°, +the
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definition of the inclination of the wings with respect to
the surface of the water. Tale case therefore calls for
an extension of the courling between the Hody and wind
axes, The appropriate coupling an<gle to e used in thils
case 1s described in section IV.

IV. EXTRNSION OF THE COUPLING BETWEEN THE BODY AND WIND AXES
TO INCLUDE THE CASE OF AN AIZRPLANE IN A FLOW OVER

A GROUND PLATE

The case of an alrnlane in a flow above a ground
plate - while Deing orlientated in resvect to the flow and
the ground plate - 1s practically realized by a seaplane
afloat on the water. (Since this case involves aerodynam-
ic problems of statlic stadility, the presence of a ground
plate - 1,e., surface of water in the case of .a seaplane -
i1s physicelly cornditioned and the orientation must obe made
with regard to this gurface,)

This case goes bevond the previouslyr described coup-—
llng between a system of body axes ard a system of wind axes
achleved dy two angles. Through the zlven surface, a com—
Plote system of gxes 1s given as orientating system, in
respect to walch the body axes are dirocted by threoe Euler
angles. The orientating axes (Iap- Tap: zap) conditioned

by the ground plate, are explained as follows:

The origin of axes Xap+ Yape Zap 1s placed in the

center of Zravity of the alrplane; that is, the ground
plate 1s, elmilar to the ground axes, siifted parallel
along the sarth's vertical.axls into the center of gravity
of the airplane.

Axis Xap 8%rees with the axls of flow located in

the plane of the plate (plane of water surface).

Axis Yap is at right angles to 'xaD in the plane

of the plate. i

Axis zap is at right anzles to xap and yap; l.0.,
also at right angles to the plane of the plate.
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The axig of flow, being always in the plane of the
Platea, Tap itself 1s at right angles to the axis of flow.

An examination of wind-tunnel data with and without
groung pPlate, dlscloses the followlng:

Generally, the plane of plate Tap Yaé agrees with
the resistance transverse force vlane z:a_K yax of the tun-
nel, because the axis of rotation of angle SE(zaK) is at

right angles to the plemne of tho plaote. In practice, the
cholce of the ¥ coupling, thorefore, ir which the wind
axes of the tunnel =xay, yag. Zeg are identical with the

wind axeg Xg yam. zaE used in free flight, would makse

tke surface of the water correspord with the tangential
flow plane x, Tags that 18, Zap would as3ree with zap,

In reallty, however, the conditions dbetween tke plene of
the plate Tap Fap 8nd the plane xg, yay ©of the drag

transverse force, manifest a fundemental difference de-—
splte formal agzreement. The position of axos yaK and

zaK and honce, that of plane xaK yaz (or =xg FaE) is

at first physically unirportont, and is onl> defined in
the above-doscribed manner by one of the two couplings for
roasons of ecxpedloncy. Onlv the flow axis Xag is of

Practicel significcnco in wird—-tunncl tests without ground
plate, which corresponds to the corditions of an airplano
1n froe fllght. To direct this axls “o tho todr systenm
requires oaly two angles. Ozn tho other hend, the ground
plate Tap Yap (in practicpl avplication to seavnlenes,

the surface of the water) roprescnts, through the spocinl
trpe of problems involved in this case, o physical oppor-
tunity which is definitely krowa from the vory start. To
direct the body axos to thls plane of the plate, roquires
howevor, three esngles.

Through tho formal sgrooment betwocn tho plane of tho
plate and qu yax. tho oriontating axocs xivean dy the

ground plato, can be explained as a speclal type of wind
axes of the tunnol. For x, = Zogr Za, = Bage hence

an = Yage By propor transfer of the E coupling to the

discussed oriontation of the body axes to the orientating
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axes x;n, yap, zap given by the flow, the principal axis
of rotation of the orientating system i1s axis Za, = fag:

and the definitive axls of rotatlion of the body system to
be orlentated is formed by axis y. With the axes of rota-
tion for two of the three couvling angles known, 1t Dbe-
comes readily apparent that the angles ayp (axie of rota-

tion y) and Py (axis of rotation Zap = zax) in their

origingl definltion, also appear as coupling angles be-
tween the body axes and the axes of the ground plate. The
third angle is @,, termed "angle of roll of the tunnel,”

whose axis of rotation is immediastely given by the junc—
" tion line between body exes x, ¥y, % and tke ground-
plate axes xap. Fap- zap. Tals Junctlon 1line is in for-

mal agreement with axis =x
symmetry.

e Of the exes of the plane of

Now it 1s to be noted thai axils zaK. in whose di-

rection the 1ift ig nmeasured 13, in the presence of an
angle ®,, no loazer in the plane of symmetry of the air-

Plane, but rather t%:at the plane of symmetry inclines at
anzle @, with respoct to axis zén = zap. The premlsge

that the 11ft axia ghall be at righ%t arngles to the axls

of flow in the ninze of symmetry of tie airplane ean, in
this case, no loz:er be vositively msintained since, by
orlentation of ere sycstem of axes with reepesct to another
complete syesten ty three Euler angles, every prescrlbed
anchorage of one axis of the orlentating system to a plane
of the system to be orlentated revresents an agreement and,
consequently, a contradiection. Such a prescribed cnchore-
a%e 1a timely nnd necessary only in the case where a sys-—
tem is to be orientated with resvect to a known axis,

The applicatlon of the conditions obtaining in wind-
tunnel toests on a model with ground plate, to the proc-
tlcal case of a seaplane afloat on the water can bo effect-
ed forthwith if, as ir the wind tunnel, angles ag and

Bg cre ldentical witk two of the throe coupling angles

betwoen the body axos and the sxes of the water surface.
In this case, the axes xap. FaP- zaP; of the gystom do-

scrliblng the flow on the sesplane, became the axes Tage

YaK. an of the tunnel system. =x and yap aro In the

27
Plane of the water surface or parallel to it. Theo axes
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system is, o8 in the wind tunnel, termed

oyt Yape Fap

the “wind axes system for reasurements ‘with Zround plate.®

The seaplane 1lg orlentated wlth ‘respect to the water
surface through the followlnz three anglest

oy ongle of attack: The angle detween body x axis
and the line of intersection votween airplane
vplene of eymmetry and plane xap yap (plane

porallel to water surface throueh the center. of
gravity). The body y 'axis i1s tke nxis of rotae-
tion of tke ansgle, the plnne of symmobtry of

the alrplare, the »nlene of measuremont.

By anqie of yaw: The angle between axls X and

a
b
tho llne of intecrsoction of »nlnne X, ¥V,

P p

with the plane of syrmetry of tho alrplanc.
Axls of rotation of tho argle 1s axis ’ap at

right angles to wonter surface; planc of measuro-—
ment the wator surfnce or onc onrallel %o it.

P on5lo of roll: Angle vetwoen oxis zaP and the

Plare of eymmotry of the cirnlane. Axis of ro-
tation of angie 1s the trcece vctween plone of
symnetry of ~irplane end plane xﬂn yap. Planeo

-

of neasuremert is plane ¥y Za,e

Tho lino of intcorsection detwoer the planc of symmetry
of tho nirplanc and plaro of the plateo 'Iap Ta, occurring

by the dofindtion of ay and. Py erd forming‘the axis of
rotatlion for @y, - is nomne othor then axle x5 of the ex-
poerinontal ayaton..f. .

Tho relations botween the direction cosine and the
coupling angles g, BE- qb oetween tho - body axos x, ¥,

and the wind axes xap, To. ap in neasurenmonts with a

ground »nlate, can be deduced fron figuro 11 with tho 11d of
tho coslno law. All angles shown aro positive. -

The following relations hold trues
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258 -

cos(x Iap) = cos ay cos Py

~8in ap sin Py sin @
cos(x Yap) = cos ap sin-BE

+cos By sln ag slan @,
cos(x z“n) = —gin ap cos @
cos(y xap) = ~sin By cos @,
cos(y Yap) = cos By cos @,
cos(y zap) = sin @,
cos(z xap) = eln ap cos By

+cos ap sin BE sin @
cos(z y, ) = sin ag sin By

P —~cos ap COS BE sin @,

cosa(z zap) = cos ag cos @,

The transfer from body axes to -wind esxes 1n presence

34
From triangle xF xap= l..
Fron triangle xF Topt 2.
Fron trinngle xB z, : 3.
ap .
Fron triangle yA xaP: 4,
From triangle FA yap: 5.
From triangle 3gF x, ¢ 7.
P
From triangle =zF¥ y, : 8.
D
‘From trisngle zB 5ot O
of a
form shown in’
TABL

ground plate, hence ¢f an angle of roll

has the

/Y

Wind Axes for Measurements with Ground Plate

2

Yapl

"

x cos ap cos By _ 8in Bg cos ag ;sin ag cos B,
~8in ap sin By ein @y|+cos By sln ap sin Pg
o
E. y —sin @, cos @ cos fg cos @ ein @,
o
o 8in ap-cos By sin Gy sin By :
T | +cos agp 8in Pp 8in @ | ~cos ap cos Py 8in Pg cos ag cos Pe
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Equating P, to O, tadle IX becomes table 'V, which

contains the transfar.from body axes x y. 2 to.wind axes
Xa Yag Zag used with the airplane in free flight.

But there is yet another coupling possidbility, for on
selecting azls =x of the alroraft system a#s definitive
axls of rotation, the orientation of the alrcraft system
with -respect to axes Iap- Yap- 5aP glven by the zround

plate and the flow, is made throveh three angles, which
formally asree with the angles ¢, 3, ¥V (explained in
(VI)). b7 which the vody axes nre directed with respect to
the ground oxes. By this coupling the ground plate 1is
supposcd i0-expleln n system of Zround axes (roferenco 10);
theredbr axis X 18 situnted 1n the horlzontal plane nass-
ing through the center of gravitr and is in agrcement wlth
the nxls of tho vwind strear. Tao dravback cf tals coupling
1e that axis x as definiltive axls of roteotion, whosc po-
sltlior is nover definitelr koown from tho start, 1s ardl-
trarily defired from ore c¢nse to the rext.

Thoe talrd coupling npo=sibility, ir which axlis sz of
the body axes system 1s chosen as definitive exis of rota-
tlon, proves imvractical. The related Cardan model would
1n neutral setting (all .three coupling esngles = 0) disclose
parallel rings,

V. THE COUPLING BETWESEN RELATIVE WIND AXES AND BASIC
GROUND SYSTEM, AWD DISCUSSION OF THE CCUPLIKG
OF A SYSTEM FIXED T0 TEE FLIGHET PATH

.WITE THE BASIJ GROUND.STSTIM

By the coupling of the wildd axes x5, ¥g, %p with
the ground axes Xge Fge Zg the Zround axes shall be~

come, in conformity with the eariler statements - reszard-
ing the orientation of the individual systems -~ the ori-
entating axes for thé wind axes to be orientated., The one
axls of the ground. system with definitely krnown poslition
from the atart, le the vertical axils Zge In consequence,

2g represents the natural principal axls of rotation of
the orlientating gystem Xgi Ygi zg - '
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Seleotlon of the definitive axis of rotation 1s not
difflcult with the wind system. Physically conditioned
and known 1n position,.for the present, 1s the relative

wind axis =x; only. The position of y, and z5 1is, at

firet arbitrarily established, wheredy the individual coup-
lings afford various possibilities. By choosing axis x5 °

as definitlive axls of rotation, the. three coupling angles
between the wind system and the ground system are ex-
pPlalned as follows:

Y rslative wind longitudinal angle of inclination -
tke angle betwoen x, and plane Xg ¥gt Axig of

rotation of angle is axis Te projected on hori-
zontal plane Xg Ygi 1.08.,, 2 horlizontal axis at

right angles to =x,, whose positive sense of di-

rection viewed acainst the flow, is to the right.
Plane x4 2g 18 the plane of moasurement.

b Trelative wind lateral engle of inclination - angle
petween 2y, and plane x, 28 Axis x5 1s axis

of rotation of the arglé. Cross-wind plane ¥, Z,
is nlane of measurement.

X <relative wind nzimutn angle - argle between x,
projected on plaone Xz Vg and axls Xg: Axis Zg
is axis of rotation of the angle. Plano Xg ¥g
i1s the plane of measureoment.

The application of tho cosine law zivoé. as soen from
figurce 12, the followlng relatlions beitwaon the direction
cosine and the coupliang angles Y, p, ¥« -

From triangle x, F xg: 1. cos(xgxg) = cos Y cos X

From triangle x, F Vgt 2e cos(zayg) = cos Y sin X
3y .cos(xyzy) = —sin Y

From triangle y, K x,: 4.'cos(yaxg) = —-gin X cos W

+cos-X sin p sir Y

From triangle yg X vy: 5. coa(yayg) = cos X cos W
: +gin X' sin p sin Y

cog Y sin p-

From triangle y, Xy zgt cos (¥ 2¢)

‘o
[ ]



NAZA Teechz=lcal Hemorandum Fo. 958 37

From trlangle g, K xg: 7. cos(zaxq) = gin ¥ sin X
- R -~ " . +cos W cos X sin ¥

From triangle s, K y.t 8., cos(z,¥,) = -s8ln B cos X
a € 8% +cos ¥ sin X.sin Y

From triangle g, X, 5g: 9. cos(za_zg) = cos Y cos p

Now the transfer fronm vwind axes Xgs Ygr Zg to ground
axes Xz, ¥Vg, Zg has the form of

TABLE I
“/i(’ _ G round 4Adxecd
Xz Vg Zg
- 1T
Xa +cos Y cos X +coe Y ein X -~glr Y

Tal| +2in Y cos siz B |+eirz Y sin X sin p

-gin X cos B +cos X ces B +cos Y sin p

%ind axes

+gin Y cos X .cos p|+ain Y sir X cos B

Y
a +sin X sin u —~cos X sin p +cos Y cos i

Wind ckanfes and upwizd disreiarded, the wind ax;s Xg

agrees witr the tanzent to the flizht path., In this case
Zo 16 defined as the path normel situnted in tke plane of
symmetry of the airplane, If wind chanlec are coasldered,
the engle of inclination of the flight path tanzent with
respect to the ground as well as the angle formed by its
Projection on the ZIrcund with a certain initial direction,
is no longer in alreement with Y and ¥X. In this in-
stance Y and X. must carry a subscripni (for instance,

B = path). To describe flighi~path motions which are to
be achieved without consideration of the force coefficlents
Cyv Cgs Cps & speclel system of path axes can also be de-—

fined, which 1s ther orientated with resveect to the ground.
Such a.system has been proposed by the Interaational Conm-.
mission for Air Wavizatior (CINA) as a natural system of
rath axes. The axes of this system cre the tangent, the
Prircipal nornal, and the bdinormal of the throe—dimensional
fl1ight path. The princival normal is theo normal situated
in :he plene formed by two infinitosinally adjecent tan-
Zents, . . s .
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The orientation of these axes with respect to those
parallel to the grourd system, 1s the same as that of the
wind system x,, ¥a, Zg.

In . all caces whefe the force coefficlents ¢y, Cqs Ca

are to be introduced, the wind system is preferable and
orlentated with resvmect to the basie ground system, the
wind changes usually telns ignored and axls Xg therefore,
essumed to be in azsreement with the path tanzent. The use
of the natural axes of the flisht path has, undoubtedly,
cortaln advantages in calculations deallang principally
with the flignt path. 3ut for the ropresecntation of the
force oquations with c, Cqs Cas it 1is ill-sulted since

it requires another reforcncoe znzle for orientating the
syster Cqs Ca with respect to tac principal normal plano,

In conclusion, it is pointcd out that the magnitude
of angle p 1n an analysls o7 ore ond tho same flight at-—
titude, derends upon tho choico of coupling between the
body~ and wind-axes systemea. Its Tormal definition is, to
be sure, independent of the coupling, dut the position of
the 1ift exis for a certnln flight stage is different with
the I coupling -(zap) than witk the E-coupling method

(z&E); Angle p ‘must then also cerry a subscript (pg
or urF)o
YI. THE COUPLING SETWOEN AIRCRAFT_AND GPOUND SYSTIMS

In conformity with the »nrevious arguments regarding
the orientetion' of the individusl flight-mechanlc axes,
the ground-~axes svstem igc chosen as orientating srstem.
The principal axis of rotation of. the zZround system 1is
ag%alin the perpendicular axis zg, tke positior of which

i1s knowa beforehand, while that of xz ond 'yg 1s momen-—
tarily unknown and may bvé chosen arvitrarily. .

Fundamentrlly, any of tho three nlrplane axes could
serve az definitive oxis of rotatlon; but axis =z oproves
little sultadle because in one of -the common positiors of
the airplane with respoct to the ground =zxis, 2z angd Zg

colnclide, for which the relatod Cardan model shows parale
loel rings in the neutral settin;. .

There remain, thorefore, axes x and ¥y, Orientation
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of the airplanc with respect to the ground by three ZEuler
angles, one of which Yias axle y -of -the airplane as axls
of rotaotion, can be effected immediantely. In the described
orlentation of the alrcraft axes relative to the axos

:ﬂp’ Fap- 5aP ziven by a ground plate and the flow, by

the angles ap, Bgy,R thls coupling 1s praciically applled.

The cholce of axis x as definitive axls of rotction, has
the advantnge of making the couplinz angles betweon alr-
croft systom and ground system anonable to definltion in
the same manner as botween wind and ground systoms; for in
both cnsoce corrosponding axeg in azrcement in noutral po=
eltlon are definitive axes of rotation of the systen to
be orlentpted. Thoso nre =x and > S

The three coupling angles ¢, 3, V¥ Dotweoen alrcraft
syston and Zround system are, bascd upon axls x as do-
finitive axie of rotatiom of x, y, z, and of azls =zg
o8 principal axls of rotatlion x., j@, Zgs oxplainod os
follows: ?

9 angle of viteh - angle betwean x 'ond plane Xg ¥g-
Axls of rotation of the angle 1s axls ¥y project-
ed on horizontal plane Xg Ygi 1.0+, & horigzgon-

tal axls at right angles to x, whose positive di-
rection viewed along positive axis x 1is clock-
wise. Plane =x zg 1is the plane of measurement. .

® eangle of roll - angle between 2z and vlane x Ege

Axla of rotation of the angle is formed by axis =x.
Plane y z 1s plane of measurement,

¥ azinuth angle - ansle between x projected on
plene Xg ¥g and axls Xg. Axzls ‘Zg i1s axis of

rotation of the angle. Plane Xg Jg ias plane of
measurement., - '

The definitions of the argles with the corresponding
coupling angles between the wind and ground -systems, are
in agreement. Simply replace x, bdr x, ¥, by ¥ and z,

by z (fig. 13).

The followlng relations hold true:
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From triangle x F x ;¢ 1, cos(x xg) = cos 9 cos ¥
From triangle x F yg: 2, cos(x yg) = cos & sin V¥
3. cos(x zg) = ~sin 9

From triangle y K xp: 4. cos(y Xg) = -sin V cos @
' +cos VY sin @ sin 4§

Fron triangle y K yg: 5. cos(y y_g) = +c:s $c:s P .
gin Y sin o sin

From trlangle y x zg: 6. cos(y zg) cos ¢ =ir o

From tricngle z K xg: 7. cos(z z%-) = sgsin @ sin ¥
+cos @ cos ¥ sin ¢

From triangle z X yg: 8. cos(g yg) = —gin ¢ cos V ix s
: +cos @ sln ¥ sinm

From trinngle z x z : 9. cos(z zg) = cos § coe @

_ The transfer Zrom airecreft syetem x, ¥, z' to ground
system Xgs Jgs Zg hags the form shown in

TABLE XI

/! G round Axes
T

f g ! . Yg Bg
1
!

+cos ¢ 8in V¥ ~gin ¢

x| . +cos ¢ cos VY

+8in 4 coo V¥ aincpi+ain 4 ein ¥ sin @

v -gin Y coe @ | +cos Y cos @ +cos ¥4 sin @

Body axes

+8in 4 cos V¥ cos cpi +8in @4 sin V¥ cos @

+oln ¥ slng@ . =cos V¥ sin @ +cos & cos @

Fisure 14 glves the corresponding Oerdan model of the
coupling betweer nircroft and ground systems. The coup-
1ing angzles ¢, 4, ¥ are set posiiive.
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VII. GROUPING OF THE MOST SUITABLE AXES ARD

COUPLING ANGLES IN A "STANDARD"™ SYSTEM
In the selection of practical systems of axes, bdy

means of which flight-mechanlec problems are appropriately
treated, and by the grouping of these axes and angles in-
to n "standard® system, a number of subscripts necessary
in the present report, for obvious recsons, cen be elimi~
nated. Following the ultimate choice of m -certaln coup-
ling between alrcraft and wind systems, nnmely, of the E
coupling, all subscripts in capital letters (I, F, K} are
eliminateds All subscripts in small lettors are retalned,

On the basis of the results of the investigatlion, the
following standard syster of axes and coupling angles of
flight mechanlcs, ean be formulated:

A, Axes*
l1. Aircraft axes x, y, %

h 4 z

2, ZExperinental axes x Yoo

o' ©

3a. Vind axes x5, T, Za"*
3b. Tunnel axes Xy, ¥Yg Za*

4, Ground axes Xg.» Yg+ Eg

Tke nxes clited under-1, Qa. and 4, are oxplaine@ in
detall 1n references 9 and 10.

*T1th the cholce of tke E coupling between circraft ard
wind axes and tunnel axes, resmectively, axlis y, oand g,

of the wind aystem agree with axls yu, and Zay ©OFf the
tunnel system. 4xes x, and Xpp Aare alwoys 1dontical.

(reforence 9), regardless of theo choice of coupling. Fér
measurements on zirplenes or models over a ground plate,
axoes xén’ yap. ’ap' Zlven by the axis of filow, and the
ground plate nre used, or else ground axes 'xg, ¥z, Eg &re

used, and becouse of the preseonce of tho ¢round plate may
be considored as given.
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B, Oouplics Anglos

1. Aireraft axes —~ wiad axoes, coupling through aorodyanamic
anzles & and P, which form the anglos of the E
coupling,

2. Aircraft nxes - expcrimental axos, couprled through an-
Zle of sttack «.

3. Wind axes - experirertal axes, couplod through angle
of yaw B.

4, Wind nxoe - Iround axes, couvled tarough angles W, Y,
X .

5, Airplane axes -~ grourd axes, coupling through argles
P 30 Ve

Botween the individual ccupling ~nfles, wita E coup-
1ir% as basis, the followinZ relations cxist Dbotwoern alr-
craft ard 7irnd axeos.*

i. cos 4 s8in 0 = gin a sin % + cos a cos K sin B
II. cos F cos p = cos @ cos O + sir @ sin o sin @4
III. cos Y cos p = sin ¢ sin o + cos 4 cos o cos @
IVe cos Y 8in 0 = sin B cos @ + cos P sin @ gin o
V. ain ¢ cos @ = sin i cos O+ cos i sin o sin ¥
VI. cos & ain @ = ein B sin Y + cos B cos Y sin p
ViI. cos @ cos B = sin 4 sin ¥ + coe 4 cos Y cos ©

In theae oquotlons, o s8ignifies tho difforence an-

Fliure 15 1ilustratos tho orientation of the aircraft
axes rolative to tho wind ard ZIround axes, as well as the
coupling arglos vetweor wird and grournd axos.

l.'T!J.o dotailed derivation of the relations dbetwocn the coup—
1linz angles for tho E coupling, as well as for the T coup-
ling will be published in a future report.
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The 1dentificatlion of the axes of the elirecraft wind
and ground systems Py x, ¥, 2, together with eubscripts
a and: - g&;--has-been-internationally-astandardized by the
I.C.AeN. and by the International Federation of Ratlonal
Standardizing Associations (ISA). Axes xo, ¥¢s %g OF the

experimental system agree in definition and subscripts
with the axes known from English~-American literature as
"wind axes."

The ISA Conmittee, 20, Aviation; selected the E coup~
ling for alrcraft and wind systems, while the "rules gZov-
ernlrg the use of international symbols and terms 1in aero~
nautical engineering' of the ICAN contaln at present, the
F coupling, although the ICAN itself is now contomplatineg
introduction of the E coupling.

The definlitlion and notation for o, 4, Y is interna-
tlonally standardlszed oxcept that the prefixes differ ir
the vorious countries, depondiny cn the cholce of posltlve
sense of direction of the referonce axos,

Translation by J. Vanloer,
National Advisory Comnmittee
for Aceronautics.
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Figure 1.- Cardan model
illustrating
the Euler angles.

Yag
Be

Zag

Figure 6.~ Orientation of

aircraft system
x,y,2 relative to wind
systen xa,yap,sag by the
aerodynemic angles of and
Bg of the E coupling.

Pigs. 1,4,6,7.

Yay

Pr

z
Zag

Tigure 4.- Orientation of

sircraft system
x,7,.s relative to wind
system Xa, Yap.Zap by the
aerodynamic angles ofp and
By of the ¥ coupling.

Figure 7.~ Orientation of

experimental system
Xg.¥q %o relative to wind
system Xa,7ag.zZag defined by
the E coupling.
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Pigs. 2,3,5,14.

Mgure 2.- Cardan model of

coupling between
aircraeft system x,y,z and
wind system xa,ya,%a for the
case where axis x is axis of
rotetion of the aircraft
system,

Figure 5.~ Carden model of
the E coupling;

angle of attack og and

angle of yaw Bg set positive.

Figure 3.~ Cardan model of

the F coupling;
angle of attack dp and
angle of yaw By are set
positive.

Pigure 14,- Cardan model of

coupling between
aircraft system x,y,z and
ground system Xg.Ygitg-
Angles ¢ ,¢, y are in positive
setting.
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Figs. 8,9,10.
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Figure 11.- Orientation of

aircraft system
x,y,% with respect to wind
system xap.yap,®ap for
measurements with ground
plate,

Figure 12.- Orientation of
wind system

Xp,Y8:%a ¥ith respect to

ground system Xz YgrEg-

FPigure 13.- Orientaetion of
eircraft system
¥ x,y,z with respect to
ground system Xxg,¥g,kg-

Figure 15.- Orientation of

aircraft,wind
and ground systems, based
on E coupling.







